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DIGITAL CORRECTION TECHNIQUES FOR
DATA CONVERTERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims is a continuation of U.S.
patent application Ser. No. 13/228,301, filed Sep. 8, 2011,
which claims the benefit of U.S. Provisional Patent Appl. No.
61/380,801, filed Sep. 8, 2010, and U.S. Provisional Patent
Appl. No. 61/449,949, filed Mar. 7, 2011, each of which is
incorporated by reference herein in its entirety.

BACKGROUND

1. Field of Invention

The present invention relates generally to a data converter
and specifically to compensation of impairments present
within the data converter.

2. Related Art

Data converters are frequently used in mixed-signal elec-
tronic systems. Mixed signal electronic systems include both
analog signal environments and digital signal environments.
The analog signal environments primarily operate upon ana-
log signals while the digital signal environments primarily
operate upon digital signals. A mechanism is required to
transport signals from one environment, such as the analog
signal environment, to another environment, such as the digi-
tal signal environment. Commonly, an analog-to-digital con-
verter (ADC) is used to convert analog signals from the ana-
log signal environment to digital signals for the digital signal
environment. Similarly, a digital-to-analog converter (DAC)
is used to convert digital signals from the digital signal envi-
ronment to analog signals for the analog, signal environment.
The ADC and the DAC are commonly referred to as data
converters.

Advances in integrated circuit (IC) technology have gen-
erally made it advantageous to shift more of the signal pro-
cessing burden to digital circuits, and therefore there is a
continuing requirement for data converters with better per-
formance. Data converters are typically characterized prima-
rily by two measures: sampling rate and effective-number-of-
bits (ENOB). The sampling rate for the ADC represents a rate
at which an input analog signal is sampled and quantized into
a digital signal. For an ADC, ENOB is a measure of how
accurately the input analog signal is converted into digital
form. It is a combined measure that includes quantization
noise, thermal noise, distortion, sampling jitter and other
imperfections.

The sampling rate for the DAC represents a rate at which
input digital data samples are converted into an analog output
voltage or current. For a DAC, ENOB is a measure of how
accurately the input digital samples are converted into analog
form. It similarly is a combined measure including all imper-
fections. There may be differences in the application-specific
definition of ENOB based on the relative importance of dif-
ferent imperfections in a given system. Often, the signal-to-
noise (SNR) and signal-to-distortion (SDR) ratios are given
in addition to ENOB.

In addition to these performance measures, it is desirable
for data converters to dissipate as little DC power as possible
and to cost as little as possible. These are universal goals in all
electronic systems. In the mixed-signal electronic systems,
low cost is related to low die area. In other words, it is
desirable that the data converter design have as small an area
footprint as possible within a die that forms the mixed-signal
electronic system.
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2

Conventional approaches to data converter design have
emphasized analog techniques to obtain high sample rate and
high ENOB. Often, these analog techniques will require high
power dissipation. In general, analog circuits with high
dynamic range (low noise and low distortion) require large
power dissipation. High ENOB converters often require pre-
cise component matching to obtain high resolution (low
quantization noise). Matching of components (transistors,
resistors and capacitors) in an IC usually implies large die
area. Large components match better than small ones since
random fluctuations are averaged spatially.

Thus, there is a need for a data converter that leverages
digital signal processing techniques to correct analog imper-
fections and relaxes stringent analog specifications that lead
to high power dissipation and high cost that overcomes the
shortcomings described above. Further aspects and advan-
tages of the present invention will become apparent from the
detailed description that follows.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

The present invention is described with reference to the
accompanying drawings. In the drawings, like reference
numbers indicate identical or functionally similar elements.
Additionally, the left most digit(s) of a reference number
identifies the drawing in which the reference number first
appears.

FIG. 1 illustrates a block diagram of a composite analog-
to-digital converter (ADC) according to an exemplary
embodiment of the present invention;

FIG. 2 illustrates a block diagram of a correction module
used in the first composite ADC according to an exemplary
embodiment of the present invention;

FIG. 3 illustrates a block diagram of a composite digital-
to-analog converter (DAC) having a reference data converter
according to an exemplary embodiment of the present inven-
tion;

FIG. 4 illustrates a block diagram of a second composite
analog-to digital converter (ADC) having a reference data
converter according to an exemplary embodiment of the
present invention;

FIG. 5A graphically illustrates multiple phases of a sam-
pling clock used in the second composite ADC according to
an exemplary embodiment of the present invention;

FIG. 5B graphically illustrates unknown offsets between
multiple phases of the sampling clock used in the second
composite ADC according to an exemplary embodiment of
the present invention;

FIG. 6A illustrates a block diagram of'a reference re-timing
module used in the second composite ADC according to an
exemplary embodiment of the present invention;

FIG. 6B graphically illustrates operation of the reference
re-timing module according to an exemplary embodiment of
the present invention;

FIG. 7 illustrates a block diagram of a compensation mod-
ule used in the second composite ADC according to an exem-
plary embodiment of the present invention;

FIG. 8 illustrates a block diagram of an estimation module
used in the second composite ADC according to an exemplary
embodiment of the present invention;

FIG. 9 is a flowchart of exemplary operational steps of the
reference re-timing module, the compensation module, and
the estimation module according to an exemplary embodi-
ment of the present invention; and
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FIG. 10 illustrates a block diagram of a recombination
module used in the second composite ADC according to an
exemplary embodiment of the present invention.

The present invention will now be described with reference
to the accompanying drawings. In the drawings, like refer-
ence numbers generally indicate identical, functionally simi-
lar, and/or structurally similar elements. The drawing in
which an element first appears is indicated by the lefimost
digit(s) in the reference number.

DETAILED DESCRIPTION OF THE INVENTION

The following Detailed Description refers to accompany-
ing drawings to illustrate exemplary embodiments consistent
with the invention. References in the Detailed Description to
“one exemplary embodiment,” “an exemplary embodiment,”
“an example exemplary embodiment,” etc., indicate that the
exemplary embodiment described may include a particular
feature, structure, or characteristic, but every exemplary
embodiment may not necessarily include the particular fea-
ture, structure, or characteristic. Moreover, such phrases are
not necessarily referring to the same exemplary embodiment.
Further, when a particular feature, structure, or characteristic
is described in connection with an exemplary embodiment, it
is within the knowledge of those skilled in the relevant art(s)
to effect such feature, structure, or characteristic in connec-
tion with other exemplary embodiments whether or not
explicitly described.

The exemplary embodiments described herein are pro-
vided for illustrative purposes, and are not limiting. Other
exemplary embodiments are possible, and modifications may
be made to the exemplary embodiments within the spirit and
scope of the invention. Therefore, the Detailed Description is
not meant to limit the invention. Rather, the scope of the
invention is defined only in accordance with the following
claims and their equivalents.

Embodiments of the invention may be implemented in
hardware, firmware, software, or any combination thereof.
Embodiments of the invention may also be implemented as
instructions stored on a machine-readable medium, which
may be read and executed by one or more processors. A
machine-readable medium may include any mechanism for
storing or transmitting information in a form readable by a
machine (e.g., a computing device). For example, a machine-
readable medium may include read only memory (ROM);
random access memory (RAM); magnetic disk storage
media; optical storage media; flash memory devices; electri-
cal, optical, acoustical or other forms of propagated signals
(e.g., carrier waves, infrared signals, digital signals, etc.), and
others. Further, firmware, software, routines, instructions
may be described herein as performing certain actions. How-
ever, it should be appreciated that such descriptions are
merely for convenience and that such actions in fact result
from computing devices, processors, controllers, or other
devices executing the firmware, software, routines, instruc-
tions, etc.

The following Detailed Description of the exemplary
embodiments will so fully reveal the general nature of the
invention that others can, by applying knowledge of those
skilled in relevant art(s), readily modify and/or adapt for
various applications such exemplary embodiments, without
undue experimentation, without departing from the spirit and
scope of the present invention. Therefore, such adaptations
and modifications are intended to be within the meaning, and
plurality of equivalents of the exemplary embodiments based
upon the teaching and guidance presented herein. It is to be
understood that the phraseology or terminology herein is for
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4

the purpose of description and not of limitation, such that the
terminology or phraseology of the present specification is to
be interpreted by those skilled in relevant art(s) in light of the
teachings herein.

An Exemplary Embodiment of a First Composite Analog-
to-Digital Converter (ADC)

FIG. 1 illustrates a block diagram of a composite analog-
to-digital converter (ADC) according to an exemplary
embodiment of the present invention. A composite ADC 100
converts an analog input 150 from a first signal domain, such
as an analog signal domain to provide an example, to a second
signal domain, such as a digital signal domain to provide an
example. The composite ADC 100 includes a main data con-
verter 102, a reference data converter 104, and a correction
module 110.

The main data converter 102 converts the analog input 150
from the analog signal domain to the digital signal domain to
provide main digital samples 152. The main data converter
102 may be characterized as being, impaired by one or more
impairments, such as non-linearity, direct current (DC) offset,
gain, any other suitable impairment that will be apparent to
those skilled in the relevant art(s) without departing from the
spirit and scope of the present invention, or any combination
thereof. These one or more impairments may cause the main
digital samples 152 to no longer be an accurate representation
of the analog input 150. In an exemplary embodiment, the
main data converter 102 may be implemented using a main
ADC 106.

The reference data converter 104 may be characterized as
not being impaired by the one or more impairments that are
present within the main data converter 102. The reference
data converter 104 converts the analog input 150 from the
analog signal domain to the digital signal domain to provide
reference digital samples 154. Generally, the reference data
converter 104 is only required to be highly accurate only with
respect to the one or more impairments present in the main
data converter 102; however, the reference data converter 104
may exhibit other impairments that will be apparent to those
skilled in the relevant art(s) without departing from the spirit
and scope of the present invention. For example, to compen-
sate for linearity, the reference data converter 104 must be
very linear, but the reference data converter 104 may exhibit
other impairments, such a low signal to noise ratio (SNR) to
provide an example. In an exemplary embodiment, the refer-
ence data converter 104 may be implemented using a refer-
ence ADC 108. In another exemplary embodiment, the refer-
ence ADC 108 may be characterized as being less
complicated to implement when compared to the main ADC
106. For example, the reference ADC 108 may sample the
analog input 150 at a different sampling rate and/or a different
resolution than the main ADC 106.

A correction module 110 compensates for the effect of the
one or more, impairments that are present within the main
data converter 102 to provide corrected digital samples 156.
The correction module 110 estimates the effect of the one or
more impairments present within the main data converter 102
based upon the reference digital samples 154 to determine
correction parameters. The correction parameters may be
used to compensate for one or more impairments present
within the main data converter 102. The correction module
110 adjusts the main digital samples 152 based upon the
correction parameters to provide the corrected digital
samples 156.

An Exemplary Embodiment of a Correction Module Used
in the First Composite ADC

FIG. 2 illustrates a block diagram of a correction module
used in the first composite ADC according to an exemplary
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embodiment of the present invention. A correction module
200 estimates and compensates for the one or more impair-
ments present within the main data converter 102 to provide
the corrected digital samples 156. The correction module 200
includes an estimation module 202 and a compensation mod-
ule 204. The correction module 200 may represent an exem-
plary embodiment of the correction module 110.

The estimation module 202 estimates the one or more
impairments present within the main data converter 102. The
estimation module 202 may quantify the one or more impair-
ments present within the main data converter 102 and/or the
effect of the one or more impairments within the main digital
samples 152 according to a mathematical model or any other
suitable representation that will be apparent to those skilled in
the relevant art(s) without departing from the spirit and scope
of the present invention. The mathematical model represents
a mathematical relationship, such as set of linear and/or non-
linear difference equations to provide an example, of the one
or more impairments with one or more unknown parameters.
The estimation module 202 uses the mathematical model to
provide solutions for the one or more unknown parameters of
the mathematical model as correction parameters 252.

The estimation module 202 may map one or more samples
from among the main digital samples 152 and/or one or more
samples from among the reference digital samples 154 as one
or more points on a Cartesian coordinate system. The one or
more points on the Cartesian coordinate system may be used
to develop the mathematical model. The estimation module
202 may determine a statistical relationship between the one
or more points on the Cartesian coordinate system. In an
exemplary embodiment, the estimation module 202 may
determine a line of best fit for the one or more points on the
Cartesian coordinate system. In another exemplary embodi-
ment, the estimation module 202 may statistically determine
a suitable curve, such as a quadric polynomial, a cubic poly-
nomial, a higher-ordered polynomial, or any combination
thereof to provide some examples, of best fit for the one or
more points on the Cartesian coordinate system which may
indicate a presence of a higher order distortion term. The
estimation module 202 may use the line of best fit and or the
suitable curve of best fit to determine solutions for the one or
more unknown parameters of the mathematical model. The
estimation module 202 provides the solutions for the one or
more unknown parameters of the mathematical model as the
correction parameters 252.

Alternatively, the estimation module 202 may compare the
reference digital samples 154 and the corrected digital
samples 156 to provide an impairment error representing an
estimate of the one or more impairments present within the
main data converter 102. The estimation module 202 may
generate the correction parameters 252 which minimize this
impairment error. The estimation module 202 may generate
the correction parameters using the Least Mean Squared
(LMS), Recursive Least Squares (RLS), Minimum Mean
Squared Error (MMSE) algorithms or any suitable algorithm
that yields a result which minimizes an error quantified by
some metric, such as a minimum-mean-square error to pro-
vide an example, that will be apparent to those skilled in the
relevant art(s) without departing from the spirit and scope of
the present invention.

In another alternate, the estimation module 202 may esti-
mate the effect of the one or more impairments present in the
main digital samples 152 by using a statistical comparison,
such as a correlation, cross-correlation, autocorrelation, and/
or any other suitable statistical comparison that will be appar-
ent to those skilled in the relevant art(s) from the teachings
herein, of the main digital samples 152, the reference digital
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6

samples 154, and/or the corrected digital samples 156. For
example, the estimation module 202 may determine a corre-
lation between more than one sample from among the main
digital samples 152 and generate the correction parameters
252 based upon this correlation.

The compensation module 204 adjusts the main digital
samples 152 based upon the correction parameters 252 to
provide the corrected digital samples 156. For example, the
compensation module 204 may be implemented using one or
more adaptive filters. The one or more adaptive filters may
adapt their impulse responses by updating one or more adap-
tive filtering coefficients in response to the correction param-
eters 252. The one or more adaptive filtering coefficients may
be updated through a least-squares algorithm, such as the
widely known Least Mean Squared (LMS), Recursive Least
Squares (RLS), Minimum Mean Squared Error (MMSE)
algorithms or any suitable equivalent algorithm that yields an
optimized result that will be apparent to those skilled in the
relevant art(s) without departing from the spirit and scope of
the present invention. In an exemplary embodiment, the com-
pensation module 204 may interpolate or average between
samples of the main digital samples 152 to align in time the
reference digital samples 154 and the corrected digital
samples 156. For, example, the main ADC 106 and the refer-
ence ADC 108 may sample the analog input 150 at differing
rates. In this example, the compensation module 204 may
interpolate one or more samples of the main digital samples
152 to align in time the reference digital samples 154 and the
corrected digital samples 156.

An Exemplary Embodiment of a Composite Digital-to-
Analog Converter (DAC)

FIG. 3 illustrates a block diagram of a composite digital-
to-analog converter (DAC) having a reference data converter
according to an exemplary embodiment of the present inven-
tion. A composite DAC 300 converts digital input samples
350 from a first signal domain, such as a digital signal domain
to provide an example, to a second signal domain, such as an
analog signal domain. The composite DAC 300 includes the
reference data converter 104, the correction module 110, and
a main data converter 302. The composite DAC 300 shares
many substantially similar features as the composite ADC
100; therefore, only differences between the composite ADC
100 and the composite DAC 300 are to be described in further
detail.

The main data converter 302 converts corrected digital
input samples 352 from the digital signal domain to the ana-
log signal domain to provide an analog output 356. The main
data converter 302 may be characterized as being impaired by
one or more impairments, such as non-linearity, direct current
(DC) offset, gain, any other suitable impairment that will be
apparent to those skilled in the relevant art(s) without depart-
ing from the spirit and scope of the present invention, or any
combination thereof. These one or more impairments may
cause the analog output 356 to no longer be an accurate
representation of the digital input samples 350. In an exem-
plary embodiment, the main data converter 302 may be
implemented using a digital to analog converter (DAC) 304.

The reference data converter 104 may be characterized as
not being impaired by the one or more impairments. The
reference data converter 104 converts the analog output 356
from the analog signal domain to the digital signal domain to
provide the reference digital samples 154.

The correction module 110 compensates for the effect of
the one or more impairments that are present within the main
data converter 302 to provide the digital input samples 352.
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An Exemplary Embodiment of a Second Composite Ana-
log-to-Digital Converter (ADC)

FIG. 4 illustrates a block diagram of a second composite
analog-to-digit converter (ADC) having a reference data con-
verter according to an exemplary embodiment of the present
invention. A composite ADC 400 converts an analog input
450 from a first signal domain, such as an analog signal
domain to provide an example, to a second signal domain,
such as a digital signal domain to provide an example. The
composite ADC 400 utilizes multiple phases of a sampling
clock to sample the analog input 450, converts these samples
from the analog signal domain to the digital signal domain,
and recombines these digital samples to produce digital out-
put samples 452. However, unknown offsets between the
multiple phases ofthe sampling clock, as well as other impair-
ments, such as the one or more impairments as described
above, may cause the digital output samples 452 to no longer
accurately represent the analog input 450. The composite
ADC 400 compensates for these unknown offsets such that
the digital output samples 452 more accurately represent the
analog input 450 in the digital signal domain. The composite
ADC 400 includes a main data converter 402, a reference
re-timing module 404, a reference data converter 406, a com-
pensation module 408, an estimation module 410, and a
recombination module 412.

The main data converter 402 includes main ADCs 418.1
through 418.7 to convert the analog input 450 from the analog
signal domain to the digital signal domain based upon mul-
tiple phases 454.1 through 454.% of a sampling clock to pro-
vide main digital samples 456.1 through 456.». The main
ADCs 418.1 through 418.% convert the analog input 450 from
the analog signal domain to the digital signal domain based
upon the multiple phases 454.1 through 454.» of the sampling
clock to provide the main digital samples 456.1 through
456.n. For example, the main ADC 418.1 converts the analog
input 450 from the analog signal domain to the digital signal
domain based upon the multiple phase 454.1 of the sampling
clock to provide the main digital samples 456.1. Specifically,
the main ADCs 418.1 through 418.» sample the analog input
450 according to its corresponding multiple phase 454.1
through 454.» of the sampling clock. For example, the main
ADCs 418.1 through 418.7 sample the analog input 450 when
its corresponding multiple phase 454.1 through 454. of the
sampling clock is characterized as being at a logical one or
any other suitable logical level that will be apparent to those
skilled in the relevant art(s) without departing from the spirit
and scope of the present invention. The main ADCs 418.1
through 418.% convert this sampled representation of the ana-
log input 450 from the analog signal domain to, the digital
signal domain to provide the main digital samples 456.1
through 456..

In an exemplary embodiment, the main data converter 402
is implemented using main ADCs 418.1 through 418.4. The
main ADCs 418.1 through 418.4 convert the analog input 450
using multiple phases 454.1 through 454.4 of the sampling
clock, the multiple phases 454.1 through 454.4 of the sam-
pling clock being offset in phase from each other by

However, this example is not limiting, those skilled in the
relevant art(s) may implement the main data converter 402
using a different number of the main ADCs 418.1 through
418.7 and/or the multiple phases 454.1 through 454.» without
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departing from the spirit and scope of the present invention.
Additionally, those skilled in the relevant art(s) will recognize
that the multiple phases 454.1 through 454.» of the sampling
clock may be characterized as having different phase offsets
without departing from the spirit and scope of the present
invention.

However, unknown offsets between the multiple phases
454.1 through 454.n of the sampling clock, as well as other
impairments, such as the one or more impairments as
described above, may cause the digital output samples 452 to
no longer accurately represent the analog input 450. The
unknown offsets may cause the main ADCs 418.1 through
418.n to sample the analog input 450 at an undesirable instant
in time, namely, these unknown offsets may cause the main
ADCs 418.1 through 418.» to sample the analog input 450
earlier and/or later then intended. As a result, the main digital
samples 456.1 through 456.2, when recombined as to be
discussed below, no longer accurately represent the analog
input 450.

FIG. 5A graphically illustrates multiple phases of a sam-
pling clock used in the second composite ADC according to
an exemplary embodiment of the present invention. As shown
in FIG. 5A, the multiple phases 454.1 through 454.» of the
sampling clock are characterized as having a substantially
similar frequency, but are offset in phase from each other. For
example, the frequency of each of the multiple phases 454.1
through 454.r of the sampling clock is given by:

fwvo [e9]

N’

where fy, represents a Nyquist frequency of the analog
input 450 and N represents a number of the main ADCs 418.1
through 418.» within the main data converter 402. The phase
offset between the multiple phases 454.1 through 454.» of the
sampling clock may be characterized as:

@

where N represents the number of the main ADCs 418.1
through 418.. within the main data converter 402. As a result,
the main ADCs 418.1 through 418.% collectively sample the
analog input 450, staggered in time, each at a slower rate than
the Nyquist frequency of the analog input 450, but collec-
tively at a rate equal to or surpassing the Nyquist frequency.

FIG. 5B graphically illustrates unknown offsets between
multiple phases of the sampling clock used in the second
composite ADC according to an exemplary embodiment of
the present invention. As shown in FIG. 5B, the multiple
phases 454.1 through 454.» of the sampling clock are char-
acterized as being offset from optimal phases 550.1 through
550.n of the sampling clock. The optimal phases 550.1
through 550.7 represent optimal phases of the sampling clock
that may be used by the main ADCs 418.1 through 418.% to
sample the analog input 450 at optimal sampling points such
that the main digital samples 456.1 through 456.» which,
when recombined as to be discussed below, most accurately
represent the analog input 450. However, unwanted phases
offsets ¢, through ¢, between the multiple phases 454.1
through 454.» of the sampling clock and the optimal phases
550.1 through 550.7 of the sampling clock may cause the
main ADCs 418.1 through 418.» to sample the analog input
450 at an undesirable instant in time which may cause the
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main digital samples 456.1 through 456.7, when recombined,
to no longer accurately represent the analog input 450. For
example, the unwanted phases offsets ¢, through ¢, may
cause the main ADCs 418.1 through 418.» to sample the
analog input 450 earlier and/or later then intended.

Even though the unwanted phases offsets ¢, through ¢,, are
shown to be a substantially similar unwanted phases offsets,
this is for illustrative purposes only. Those skilled in the
relevant art(s) will recognize that the unwanted phase offsets
¢, through ¢,, may be different unwanted phase offsets. For
example, some of the unwanted phase offsets ¢, through ¢,
may represent unwanted negative phase offsets whereby the
multiple phases 454.1 through 454.. of the sampling clock
lag the optimal phases 550.1 through 550.» of the sampling
clock, some of the unwanted phase offsets ¢, through ¢,, may
represent unwanted positive phase offsets whereby the mul-
tiple phases 454.1 through 454.» of the sampling clock lead
the optimal phases 550.1 through 550.» of the sampling
clock, and/or any combination thereof.

Referring back to FIG. 4, the reference re-timing module
404, the reference data converter 406, the compensation mod-
ule 408, and the estimation module 410 compensate for the
unwanted phase offsets ¢, through ¢, such that the digital
output samples 452 more accurately represent the analog
input 450 in the digital signal domain.

The reference re-timing module 404 replicates the multiple
phases 454.1 through 454.» of the sampling clock and re-
times these replicas on a reference sampling clock 458 to
remove unwanted phase offsets, such as the unwanted phase
offsets ¢, through ¢, to provide an example, between the
multiple phases 454.1 through 454.% of the sampling clock to
provide a reference phase 460.

An Exemplary Embodiment of a Reference Re-Timing
Module Used in the Second Composite ADC

FIG. 6 A illustrates a block diagram of a reference re-timing
module used in the second composite ADC according to an
exemplary embodiment of the present invention. FIG. 6B
graphically illustrates operation of the reference re-timing
module according to an exemplary embodiment of the present
invention. As shown in FIG. 6A, a reference re-timing module
600 generates multiple reference phases of the reference sam-
pling clock 458 and re-times one of these multiple reference
phases on the reference sampling clock 458 to remove an
unwanted phase offset between this multiple reference phase
of the reference sampling clock 458 and the reference sam-
pling clock 458 to provide the reference phase 460. The
reference re-timing module 600 may represent an exemplary
embodiment of the reference re-timing module 400. The ref-
erence re-timing module 600 includes a frequency division
module 602, a selection module 604, and a re-timing module
606.

As shown in FIG. 6A, the frequency division module 602
divides a frequency of the reference sampling clock 458 by an
integer n to provide reference replica phases 652.1 through
652.n. The reference replica phases 652.1 through 652.% rep-
resent replicas of the multiple phases 454.1 through 454.n.
However, as shown in graphical illustration 690 of FIG. 6B,
unlike the unwanted phase offsets ¢, through ¢,, present in the
multiple phases 454.1 through 454.n, the reference replica
phases 652.1 through 652.» may be characterized being offset
in phase from the reference sampling clock 458 by an
unwanted offset ¢. In other words, each of the reference
replica phases 652.1 through 652.» may be characterized as
being offset in phase from the reference sampling clock 458
by the unwanted offset ¢.

The selection module 604 selects one of the reference
replica phases 652.1 through 652.% to provide a single refer-
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ence phase 654. The single reference phase 654 may be char-
acterized as being offset in phase from the reference sampling
clock 458 by the unwanted offset ¢. Typically, each of the
reference replica phases 652.1 through 652.» correspond to
one of the multiple phases 454.1 through 454.%. The selection
module 604 selects the reference replica phase 652.1 through
652.7 as the single reference phase 654 that corresponds to
the multiple phase 454.1 through 454.» that is being used to
convert the analog input 450, namely at the logical one. For
example, the selection module 604 selects the reference rep-
lica phase 652.1 when the multiple phase 454.1 is at the
logical one. In this example, when the multiple phase 454.1
transitions from being the logical one to the logical zero and
the multiple phase 454.2 transitions from being the logical
zero to the logical one, the selection module 604 likewise
transitions from selecting the reference replica phase 652.1 to
selecting the reference replica phase 652.2.

The re-timing module 606 re-times the single reference
phase 654 on the reference sampling clock 458 to align the
single reference phase 654 and the reference sampling clock
458 in phase to provide the reference phase 460. In an exem-
plary embodiment, the re-timing module 606 may include
one or more flip flops, such as one or more D flip flops to
provide an example, to re-time the single reference phase 654
on the reference sampling clock 458. As shown in graphical
illustration 692 of FIG. 6B, the re-timing module 606 re-
times the single reference phase 654 on the reference sam-
pling clock 458 to substantially compensate for the unwanted
offset ¢ between the reference sampling clock 458 and the
single reference phase 654. As a result, the reference sam-
pling clock 458 and the reference phase 460 are characterized
as being aligned in phase without any substantial offsets in
phase.

Referring back to FIG. 4, the reference data converter 406
includes a reference ADC 416 to convert the analog input 450
from the analog signal domain to the digital signal domain
based upon the reference phase 460 to provide reference
digital samples 462. Specifically, the reference ADC 416
samples the analog input 450 according to the reference phase
460. The reference ADC 416 converts this sampled represen-
tation of the analog input 450 from the analog signal domain
to the digital signal domain to provide the reference digital
samples 462. Typically, the reference digital samples 462
correspond to one of the main digital samples 456.1 through
456.n. For example, the reference digital samples 462 corre-
spond to the main digital samples 456.1 when the multiple
phase 454.1 through 454.» is being, used to convert the analog
input 450. Similarly, the reference digital samples 462 corre-
spond to the main digital samples 456.2 when the multiple
phase 454.2 is being, used to convert the analog input 450.

The compensation module 408 adjusts the main digital
samples 456.1 through 456.» based upon correction param-
eters 464.1 through 464.» to provide the corrected digital
samples 466.1 through 466.7.

An Exemplary Embodiment of a Compensation Module
Used in the Second Composite ADC

FIG. 7 illustrates a block diagram of a compensation mod-
ule used in the second composite ADC according to an exem-
plary embodiment of the present invention. A compensation
module 700 includes one or more adaptive equalizers to
adjust the main digital samples 456.1 through 456.». The
compensation module 700 adjusts an impulse response of the
one or more adaptive equalizers according to the correction
parameters 464.1 through 464.» to compensate for effects of
impairments resulting from the unwanted phase offsets, as
well as the other impairments as described above, present in
the main digital samples 456.1 through 456.». The compen-
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sation module 700 may represent an exemplary embodiment
of the compensation module 408. The compensation module
700 includes shift registers 702.1 through 702.» and adaptive
equalizer modules 704.1 through 704.7.

The shift registers 702.1 through 702.% store one or more
samples S, through S,, of the main digital samples 456.1
through 456.» and provide their corresponding first stored
sample of the main digital samples 456.1 through 456.7,
namely sample S,, as uncorrected digital samples 750.1
through 750.n. For example, the shift, register 702.1 stores
one or more samples S, ; through S, ,, of the main digital
sample 456.1 and provides the sample g, ,, of the main digital
sample 456.1 as the uncorrected digital sample 750.1. As
another examples, the shift register 702.» stores one or more
samples S, | through S, , of the main digital sample 456.n
and provides the sample S, , of the main digital sample 456.7
as the uncorrected digital samples 750.z. The one or more
samples S, through S,, of the main digital samples 456.1
through 456.» may represent one or more bits or one or more
symbols of the main digital samples 456.1 through 456.7.
Alternatively, the shift registers 702.1 through 702.» may
provide one or more samples S, through S, of the main digital
samples 456.1 through 456.» as the uncorrected digital
samples 750.1 through 750.7.

The shift registers 702.1 through 702.» may be character-
ized as having m shifting elements; however, those skilled in
the relevant art(s) will recognize that the shift registers 702.1
through 702.» may have a different, number of the shifting
elements without departing from the spirit and scope of the
present invention. The shift registers 702.1 through 702.n
store the one or more samples of the main digital samples
456.1 through 456.» by shifting the main digital samples
456.1 though 456.7 into the in shifting elements one or more
bits or one or more symbols at a time. In an exemplary
embodiment, the main digital samples 456.1 through 456.»
represent a series of bits arranged in a parallel format to form
a parallel symbol. In this exemplary embodiment, the shift
registers 702.1 through 702.» may shift each bit of the parallel
symbol into the m shifting elements to convert the parallel
format to a serial format. Alternatively, the main digital
samples 456.1 through 456.n represent a series of bits
arranged in a serial format to form a serial symbol. In this
exemplary embodiment, the shift registers 702.1 through
702.r shift each bit of the serial symbol into the m shifting
elements.

The adaptive equalizer modules 704.1 through 704.n
adjust the uncorrected digital samples 750.1 through 750.»
based upon the correction parameters 464.1 through 464.7 to
provide the corrected digital samples 466.1 through 466.7. As
shown in FIG. 7, each of the correction parameters 464.1
through 464.» includes n sets of equalization coefficients
C, . However, those skilled in the relevant art(s) will
recognize that the n sets of equalization coefficients C, .
for each of the adaptive equalizer modules 704.1 through
704.» may be similar or different for each of the correction
parameters 464.1 through 464.» without departing from the
spirit and scope of the present invention.

The adaptive equalizer modules 704.1 through 704.n
adjust the uncorrected digital samples 750.1 through 750.»
based upon the correction parameters 464.1 through 464.».
The adaptive equalizer modules 704.1 through 704.» operate
in a substantially similar manner; therefore, only the adaptive
equalizer module 704.1 is to be described in further detail.

The adaptive equalizer module 704.1 includes adaptive
equalizers 706.1 through 706.» and a combination module
708. However, those skilled in the relevant art(s) will recog-
nize that the adaptive equalizer modules 704.1 through 704.»
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may each have a different number of the adaptive equalizers
706.1 through 706.7 each with a substantially similar or dif-
ferent number of equalization taps without departing from the
spirit and scope of the present invention. Typically, each of the
adaptive equalizers 706.1 through 706.% is characterized as
having m equalization taps to form the adaptive equalizer
module 704.1 that is characterized as having nxm equaliza-
tion taps. The adaptive equalizers 706.1 through 706.» weight
or scale each of their corresponding m equalization taps in
accordance with their respective set of equalization coeffi-
cients C; , from among the n sets of equalization coeffi-
cients C;, ,, within the correction parameter 464.1 to adjust
a corresponding one of the uncorrected digital samples 750.1
through 750.7 to provide the adjusted digital samples 752.1.

The combination module 708 combines the adjusted digi-
tal samples 752.1 through 752.» to provide the corrected
digital sample 466.1.

In an exemplary embodiment, the reference ADC 406 is
provided the reference phase 460 with a phase roughly cor-
responding to the multiple phase 454.1 of the sampling clock,
and a first set from among the n sets of equalization coeffi-
cients C;  , is adapted. Then, the reference ADC 406 is
provided the reference phase 460 with phase roughly corre-
sponding to the multiple phase 454.2 of the sampling clock,
and a second set from among the n sets of equalization coef-
ficients C;,  ,, is adapted. Then, the reference ADC 406 is
provided the reference phase 460 with phase roughly corre-
sponding to the multiple phase 454.» of the sampling clock,
and an n” set from among the n sets of equalization coeffi-
cientsC, , isadapted. Then, the adaptation may cycle back
to correspond to sampling clock 454.1 again.

Referring back to FIG. 4, the estimation module 410 esti-
mates the correction parameters 464.1 through 464.» based
upon the reference digital samples 462. The estimation mod-
ule 410 may generate the correction parameters 464 which
minimize an impairment error between the reference digital
samples 462 and the corrected digital samples 466.1 through
466.n using the Least Mean Squared (LMS) algorithm, the
Recursive Least Squares (RLS) algorithm, the Minimum
Mean Squared Error (MMSE) algorithm or any suitable algo-
rithm that yields a result which minimizes an error quantified
by some metric, such as a minimum-mean-square error to
provide an example, that will be apparent to those skilled in
the relevant art(s) without departing from the spirit and scope
of the present invention. It should be appreciated that the
estimation and compensation of the main digital samples
456.1 through 456.» into the digital output samples 452 is
achieved without interruption of the flow of the digital output
samples 452, and may continually operate and update, com-
pensating for time-varying impairments, without interruption
of the flow of the digital output samples 452.

An Exemplary Embodiment of an Estimation Module
Used in the Second Composite ADC

FIG. 8 illustrates a block diagram of an estimation module
used in the second composite ADC according to an exemplary
embodiment of the present invention. An estimation module
800 determines an impairment error between the reference
digital samples 462 and the corrected digital samples 466.1
through 466.n». The estimation module 800 projects this
impairment error onto the main digital samples 456.1 through
456.n to provide the correction parameters 464.1 through
464.n. The estimation module 800 includes a first selection
module 802, a combination module 804, a second selection
module 806, a multiplication module 808, and an accumula-
tion module 810. The estimation module 800 may represent
an exemplary embodiment of the estimation module 410.
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The first selection module 802 selects one of the corrected
digital samples 466.1 through 466.7 to provide selected digi-
tal samples 850.

The combination module 804 subtracts the reference digi-
tal samples 462 and the selected digital samples 850 to pro-
vide an impairment error 852.

The second selection module 806 selects one or more
samples S, through S, from among one of the main digital
samples 456.1 through 456.n. to provide selected sampled
digital samples 854. Each of the main digital samples 456.1
through 456.» may be parsed into m samples S, through S,,,.
For example, the main digital sample 456.1 may be parsed
into samples S, , through S, . As another example, the main
digital sample 456.z may be parsed into samples S, , through
S,

The multiplication module 808 multiplies the impairment
error 852 and the selected sampled digital samples 854 to
provide a projected impairment error 856. Typically, the mul-
tiplication module 808 multiplies the impairment error 852
corresponding to the selected digital samples 850 with the
one or more samples S, through S, for each of the main
digital samples 456.1 through 456.7 before the first selection
module 802 selects another one of the corrected digital
samples 466.1 through 466.» as the selected digital samples
850.

The accumulation module 810 accumulates the projected
impairment error 856 to one of the correction parameters
464.1 through 464.» to update the correction parameters
464.1 through 464.n. As discussed above, each of the correc-
tion parameters 464.1 through 464.» includes n sets of equal-
ization coefficients C;  ,, for a total of nxnxm equalization
coefficients. The n sets of equalization coefficients C, ,, for
one of the correction parameters 464.1 through 464.» corre-
spond to the m samples S, through S,, of the main digital
samples 456.1 through 456.%. For example, the n sets of
equalization coefficients C;  ,, for the correction parameter
464.1 corresponds to the m samples S, through S, of the main
digital samples 456.1 through 456.7.

The accumulation module 810 selects one of the correction
parameters 464.1 through 464.» that corresponds to the cor-
rected digital samples 466.1 through 466.7 that is selected by
the selection module 802. For example, the accumulation
module 810 selects the correction parameter 464.1 when the
corrected digital sample 466.1 is sclected by the selection
module 802. The accumulation module 810 then selects one
of'the n sets of equalization coefficients C;,  ,, from among
this selected correction parameter 464.1 through 464.7 that
corresponds to the sample S, through S,, that is selected by
the selection module 806. For example, the accumulation
module 810 selects a first set of equalization coefficients
Cc, , from among, n sets of equalization coefficients
C, .. nwhenthesamples S, , throughS, ,, are selected by the
selection module 806. The accumulation module 810 then
accumulates the projected impairment error 856 for each of
the samples S, through S, to their corresponding equalization
coefficient from among this selected set of equalization coef-
ficients C;  ,, to update this selected set of equalization
coefficients C, ..

Exemplary Operation of the Reference Re-Timing Mod-
ule, the Compensation Module, and the Estimation Module

FIG. 9 is a flowchart of exemplary operational steps of the
reference re-timing module, the compensation module, and
the estimation module according to an exemplary embodi-
ment of the present invention. The invention is not limited to
this operational description. Rather, it will be apparent to
persons, skilled in the relevant art(s) from the teachings
herein that other operational control flows are within the
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scope and spirit of the present invention. The following dis-
cussion describes the steps in FIG. 9.

At step 902, the operational control flow selects a reference
phase from among a plurality of reference phases, such as one
of'the reference replica phases 652.1 through 652.. to provide
an example. The operational control flow may generate the
plurality of reference phases by dividing a frequency of a
sampling clock, such as the reference sampling clock 458 to
provide an example, by an integer n.

At step 904, the operational control flow re-times the ref-
erence phase from step 902 on the sampling clock from step
902. The operational control flow aligns in phase the refer-
ence phase from step 904 with the sampling clock from step
902 to provide a reference phase, such as the reference phase
460 to provide an example.

At step 906, the operational control flow samples an analog
input, such as the analog input 450 to provide an example,
according to the reference phase from step 904. The opera-
tional control flow converts this sampled representation of the
analog input from the analog signal domain to the digital
signal domain to provide reference digital samples, such as
the reference digital samples 462 to provide an example.

At step 908, the operational control flow selects a corrected
sample from among a plurality of corrected samples, such as
the corrected digital samples 466.1 through 466.» to provide
an example, that corresponds to the reference phase from step
902.

At step 910, the operational control flow subtracts the
reference digital samples from step 906 and the corrected
sample from step 908 to provide an impairment error.

At step 912, the operational control flow selects a sample
from among an impaired symbol from a plurality of impaired
symbols, such as the main digital samples 456.1 through
456.n to provide an example. The plurality of impaired sym-
bols may be embedded with impairments resulting from
unknown offsets between multiple phases of sampling clock
that is used to generate convert the analog input from 906
from the analog signal domain to the digital signal domain, as
well as other impairments as described above. Each of the
plurality of impaired symbols may be characterized as includ-
ing in samples S, through S,, of the main digital samples
456.1 through 456.7. The samples S, through S, may repre-
sent one or more bits or one or more symbols of the plurality
ofimpaired symbols. The operational control flow selects one
of the in samples from among the samples S, through S, at
step 912.

At step 914, the operational control flow multiplies the
sample from step 912 and the impairment error from step 910.
The operational control flow projects the impairment error
from step 910 onto the sample from step 912 to provide a
projected impairment error, such as the projected impairment
error 856 to provide an example.

At step 916, the operational control flow accumulates the
projected impairment error to an equalization coefficient
from among a plurality of equalization coefficients to update
the equalization coefficient. The plurality of equalization
coefficients includes equalization coefficients C,  ,, that
correspond to one ofthe samples S, through S, from step 912.
The operational control flow selects the equalization coeffi-
cient C, ,, that corresponds to the samples S, through S,
from step 912 and accumulates the projected impairment
error to this selected equalization coefficient.

At step 918, the operational control flow determines
whether all of the equalization coefficients C;,  ,, from
among the plurality of equalization coefficients have been
updated. If so, the operational control flow proceeds to step
920. Else, the operational control flow reverts to step 912 to
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select another sample from samples S, through S,, to update
the equalization coefficients C;  , that corresponds to this
another sample.

At step 920, the operational control flow determines
whether all of the corrected samples from among the plurality
of corrected samples have been updated. If so, the operational
control flow proceeds to step 922. Else, the operational con-
trol flow reverts to step 908 to select another corrected sample
from among the plurality of corrected samples.

At step 922, the operational control flow selects another
reference phase from among the plurality of reference phases.
The operational control flow reverts back to step 904.

An Exemplary Embodiment of a Recombination Module
Used in the Second Composite ADC

Referring back to FIG. 4, the recombination module 412
combines the corrected digital samples 466.1 through 466.»
to provide the digital output samples 452. The recombination
module 412 may be implemented using any suitable well
known means of interleaving to combine the corrected digital
samples 466.1 through 466.n to provide the digital output
samples 452.

Alternatively, FIG. 10 illustrates a block diagram of a
recombination module used in the second composite ADC
according to an exemplary embodiment of the present inven-
tion. A recombination module 1000 adjusts the connected
digital samples 466.1 through 466.7 to allow for combination
of the corrected digital samples 466.1 through 466.» to pro-
vide the digital output samples 452. The recombination mod-
ule 1000 may represent an exemplary embodiment of the
recombination module 412. The recombination module 1000
includes finite impulse response (FIR) filter modules 1002.1
through 1002.7, an interleaving module 1004, and a coeffi-
cient update module 1006.

The FIR filter modules 1002.1 through 1002.%z adjust the
corrected digital samples 466.1 through 466.» based upon
FIR coefficients 1054 to provide adjusted corrected digital
samples 1052.1 through 1052.%. In an exemplary embodi-
ment, the FIR filter modules 1002.1 through 1002. adjust a
phase of the corrected digital samples 466.1 through 466.»
such that the adjusted corrected digital samples 1052.1
through 1052.» are aligned in phase.

The interleaving module 1004 interleaves the adjusted cor-
rected digital samples 1052.1 through 1052.% to provide the
digital output samples 452. In other words, the interleaving
module 1004 converts the adjusted corrected digital samples
1052.1 through 1052.» from a parallel representation of the
analog input 150 into a serial representation.

The coefficient update module 1006 provides the FIR coet-
ficients 1054 based upon the digital output samples 452. The
coefficient update module 1006 may generate the FIR coet-
ficients 1054 using the Least Mean Squared (LMS), Recur-
sive Least Squares (RLS), Minimum Mean Squared Error
(MMSE) algorithms or any suitable algorithm that yields a
result which minimizes an error quantified by some metric,
such as a minimum-mean-square error to provide an example,
that will be apparent to those skilled in the relevant art(s)
without departing from the spirit and scope of the present
invention.

Conclusion

It is to be appreciated that the Detailed Description section,
and not the Abstract section, is intended to be used to interpret
the claims. The Abstract section may set forth one or more,
but not all exemplary embodiments, of the present invention,
and thus, are not intended to limit the present invention and
the appended claims in any way.
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The present invention has been described above with the
aid of functional building blocks illustrating the implemen-
tation of specified functions and relationships thereof. The
boundaries of these functional building blocks have been
arbitrarily defined herein for the convenience of the descrip-
tion. Alternate boundaries may be defined so long as the
specified functions and relationships thereof are appropri-
ately performed.

It will be apparent to those skilled in the relevant art(s) that
various changes in form and detail can be made therein with-
out departing from the spirit and scope of the invention. Thus
the present invention should not be limited by any of the
above-described exemplary embodiments, but should be
defined only in accordance with the following claims and
their equivalents.

What is claimed is:
1. A composite analog-to-digital converter (ADC) for con-
verting an analog input to a digital output, comprising:
a main data converter configured to convert the analog
input to provide main digital samples, the main data
converter having an impairment;
a reference data converter configured to convert the analog
input to provide reference digital samples, the reference
data converter not being impaired by the impairment;
and
a correction module configured to:
quantify the impairment according to a model,
determine a solution to the model to provide a correction
parameter, and

adjust the main digital samples based upon the correc-
tion parameter to compensate for the impairment to
provide the digital output.
2. The composite ADC of claim 1, wherein the reference
data converter has a second impairment that is different from
the impairment.
3. The composite ADC of claim 1, wherein the reference
data converter is further configured to sample the analog input
at a different sampling rate or resolution than at which the
main data converter samples the analog input.
4. The composite ADC of claim 3, wherein the correction
module is further configured to align the main digital samples
and the reference digital samples in time.
5. The composite ADC of claim 1, wherein the correction
module comprises:
an estimation module configured to:
map one or more main digital samples from among the
main digital samples and one or more reference digi-
tal samples from among the reference digital samples
onto a coordinate system to develop the model, and

determine the solution to the model based upon a statis-
tical relationship between the one or more mapped
main digital samples and the one or more mapped
reference digital samples; and

a compensation module configured to adjust the main digi-
tal samples based upon the correction parameter to pro-
vide the digital output.

6. The composite ADC of claim 5, wherein the coordinate

system comprises: a Cartesian coordinate system.

7. The composite ADC of claim 5, wherein the compensa-
tion module comprises:

an adaptive filter configured to adapt its impulse response
by updating an adaptive filtering coefficient in response
to the correction parameter.
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8. The composite ADC of claim 5, wherein the model
comprises:

adifference equation with an unknown parameter, the solu-
tion of the model representing a solution for the
unknown parameter.

9. The composite ADC of claim 5, wherein the statistical

relationship comprises:

a line of best fit between the one or more mapped main
digital samples and the one or more mapped reference
digital samples;

a quadric polynomial of best fit between the one or more
mapped main digital samples and the one or more
mapped reference digital samples; or

a cubic polynomial of best fit between the one or more
mapped main digital samples and the one or more
mapped reference digital samples.

10. A composite analog-to-digital converter (ADC) for

converting an analog input to a digital output, comprising:
a main data converter configured to convert the analog
input to provide main digital samples;
areference data converter configured to convert the analog
input to provide reference digital samples; and
a correction module configured to:
map one or more main digital samples from among the
main digital samples and one or more reference digi-
tal samples from among the reference digital samples
on a coordinate system,

determine a statistical relationship between the one or
more mapped digital samples and the one or more
mapped reference digital samples,

determine a solution to a model of an impairment based
upon the statistical relationship, and

adjust the main digital samples based upon the solution
to compensate for the effect of the impairment to
provide the digital output.

11. The composite ADC of claim 10, wherein the coordi-
nate system comprises:

a Cartesian coordinate system.

12. The composite ADC of claim 10, wherein the correc-
tion module comprises:

an adaptive filter configured to adapt its impulse response
by updating an adaptive filtering coefficient in response
to the solution.

13. The composite ADC of claim 10, wherein the statistical

relationship comprises:

a line of best fit between the one or more mapped main
digital samples and the one or more mapped reference
digital samples;

a quadric polynomial of best fit between the one or more
mapped main digital samples and the one or more
mapped reference digital samples; or

a cubic polynomial of best fit between the one or more
mapped main digital samples and the one or more
mapped reference digital samples.

14. The composite ADC of claim 10, wherein the main data
converter is configured to convert the analog input at a first
rate to provide the main digital samples, and

wherein the reference data converter is configured to con-
vert the analog input at a second rate that is different
from the first rate to provide the reference digital
samples.
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15. The composite ADC of claim 14, wherein the correc-
tion module is further configured to interpolate or average
between samples of the digital samples to align in time the
reference digital samples and the adjusted main digital
samples.

16. A method for converting an analog input to a digital
output, comprising:

converting, by a composite analog-to-digital converter

(ADC), the analog input to provide main digital

samples;

converting, by the composite ADC, the analog input to

provide reference digital samples;

mapping, by the composite ADC, one or more main digital

samples from among the main digital samples and one or

more reference digital samples from among the refer-
ence digital samples on a coordinate system:

determining, by the composite ADC, a statistical relation-
ship between the one or more mapped digital samples
and the one or more mapped reference digital samples,

determining, by the composite ADC, a solution to a model
of an impairment based upon the statistical relationship;
and

adjusting, by the composite ADC, the main digital samples

based upon the solution to compensate for the impair-

ment to provide the digital output.

17. The method of claim 16, wherein the mapping com-
prises:

mapping the one or more main digital samples and the one

or more reference digital samples as one or more points

on a Cartesian coordinate system to develop the model.

18. The method of claim 16, wherein the adjusting com-
prises:

adapting an impulse response of the composite ADC by

updating an adaptive filtering coefficient in response to

the solution.

19. The method of claim 16, wherein the determining the
statistical relationship comprises:

determining:

a line of best fit between the one or more mapped main
digital samples and the one or more mapped reference
digital samples;

a quadric polynomial of best fit between the one or more
mapped main digital samples and the one or more
mapped reference digital samples; or

a cubic polynomial of best fit between the one or more
mapped main digital samples and the one or more
mapped reference digital samples.

20. The method of claim 16, wherein the converting the
analog input to provide the main digital samples comprises:

converting the analog input at a first rate to provide the

main digital samples, and

wherein the converting the analog input to provide the

reference digital samples comprises:

converting the analog input at a second rate that is dif-
ferent from the first rate to provide the reference digi-
tal samples.



